INTRODUCTION
Liver transplantation is the definitive treatment for those with end-stage liver disease, with 1-, 5-, and 10-year graft survival for a first transplant of 88%, 79%, and 69%, respectively, achieved in Australia and New Zealand transplant services since 1986. 1 All units are either state or national quaternary services and are funded by national government medical systems. Multiple previous studies have shown that there is worse graft and patient survival following retransplantation when compared with the first transplantation. [2] [3] [4] [5] [6] The Transplantation Society of Australia and New Zealand (TSANZ) guidelines state that the presence or absence of a previous liver transplant should not affect access to transplantation, except where this impacts upon medical suitability. 7 This has not always been the case, and liver retransplantation often has a lower priority compared with the first transplant. 8, 9 Liver Transplantation Background. Liver retransplantation is technically challenging, and historical outcomes are significantly worse than for first transplantations. This study aimed to assess graft and patient survival in all Australian and New Zealand liver transplantation units. Methods. A retrospective cohort analysis was performed using data from the Australia and New Zealand Liver Transplant Registry. Graft and patient survival were analyzed according to era. Cox regression was used to determine recipient, donor, or intraoperative variables associated with outcomes. Results. Between 1986 and 2017, Australia and New Zealand performed 4514 adult liver transplants, 302 (6.7%) of which were retransplantations (278 with 2, 22 with 3, 2 with 4). The main causes of graft failure were hepatic artery or portal vein thrombosis (29%), disease recurrence (21%), and graft nonfunction (15%). Patients retransplanted after 2000 had a graft survival of 85% at 1 year, 75% at 5 years, and 64% at 10 years. Patient survival was 89%, 81%, and 74%, respectively. This was higher than retransplantations before 2000 (P < 0.001). Univariate analysis found that increased recipient age (P = 0.001), recipient weight (P = 0.019), and donor age (P = 0.011) were associated with decreased graft survival prior to 2000; however, only increased patient weight was significant after 2000 (P = 0.041). Multivariate analysis found only increased recipient weight (P = 0.042) and donor age (P = 0.025) was significant prior to 2000. There was no difference in survival for second and third retransplants or comparing time to retransplant. Conclusions. Australia and New Zealand have excellent survival following liver retransplantation. These contemporary results should be utilized for transplant waitlist methods.
(Transplantation Direct 2019;5: e472; doi: 10.1097/TXD.0000000000000920. Published online 23 July, 2019.) Liver registry data from the US reports 1-year graft survival of 75% and 5-year survival of 66% for liver retransplantations performed between 2009 and 2011. 10 Retransplantation accounted for 4.3%-8.2% per annum of all transplants. 10 Slightly worse outcomes were reported from Europe and the United Kingdom. In Europe, 1-year graft survival following a second transplantation was 58%, and retransplantation accounted for 9.8% of all transplants per annum. 11 A single major UK center reported 1-, 5-, and 10-year patient survival rates following second transplantation as 66%, 57%, and 47%, respectively. 12 The rate of retransplantations compared with all transplants varied between 12% and 7.6% per annum.
Most of these reports include decades-old data that were collected well before major advances in transplantation medicine. Improved immunosuppression after liver transplantation has drastically changed practice and outcomes, 13 as have advances in surgical techniques. 14 Direct acting antiviral therapy for hepatitis C virus infection is a more recent example which has had an positive impact on graft survival based on early findings. 15 Given this background, there is a need for an up-to-date assessment of liver retransplantation in Australia and New Zealand, particularly as waitlist prioritization guidelines or transplant benefit scores may adversely affect retransplantation.
The aim of this study was to assess graft and patient survival for adult liver retransplantation in all Australian and New Zealand liver transplantation centers and determine what variables impact this survival.
MATERIALS AND METHODS

Cohort
From 1986 to 2017, all patients who underwent liver retransplantation in Australia and New Zealand (ASNZ) over 18 years of age were studied. Inclusion criteria were all patients who received a whole or split liver graft and followup at an Australian or New Zealand transplantation center. Liver donation from donors after brain death and donors after circulatory death were both included.
Data from the TSANZ registry was used with permission from the Australia and New Zealand Liver Transplant Registry (ANZLT). The TSANZ liver transplant registry is a prospectively collected database from the 5 liver transplant units in Australia and the 1 unit in New Zealand. All data in the register are de-identified and the data are updated on a yearly basis. No organs from executed prisoners were used.
Data Collection
A retrospective cohort analysis was performed using data from the ANZLT. 1 Patients who received 2 or more liver grafts were included. Preoperative recipient variables included patient age, sex, number of grafts, decade of transplant, model for end-stage liver disease (MELD) score, and time between transplants. Liver donor information included donor sex, weight, if air travel was required, and cold ischemic time (CIT). Operative variables included warm ischemic time (WIT) ( Table 1) .
The primary endpoints for this study were graft failure and patient survival. Cause of graft failure was also analyzed and included graft nonfunction (primary and delayed), hepatic artery and portal vein thrombosis, biliary causes, recurrent liver disease, and rejection (acute and chronic).
Statistics
Survival analysis was undertaken using Kaplan-Meier analysis with comparison using the log-rank test. All statistical analysis was completed using the SPSS Statistics software package. For survival analysis, variables were categorized depending on type of variable and using normal ranges. Significance was defined as P < 0.05. Cox Regression was used to determine significant of all variables. Baseline characteristics were compared according to era with comparison made using T-test analysis in Microsoft Excel.
RESULTS
Liver transplantation commenced in ASNZ in 1986, and since then 4514 liver transplants have been performed, 302 (6.7%) of which were retransplanted. Of these, 278 received a second graft, 22 received a third graft, and 2 received a fourth graft. The mean follow-up time was 6.7 years (range: 1 day to 29 y). Baseline characteristics of these patients are found in Table 2 . The average time between retransplants was 3.6 years for all cases with an average MELD score of 20.5. Four percent of patients received a split liver graft, and 1% of patients received a donation after circulatory death (DCD).
Overall, the most common cause of graft failure post liver retransplantation was hepatic artery or portal vein thrombosis (29%). This was followed by disease recurrence (21%) and graft nonfunction (15%) ( Table 3) . Over time, the cause of graft failure has changed. Hepatic artery or portal vein thrombosis decreased as an indicator for retransplantation from 33% (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) to 27% (2001-2017), acute or chronic rejection decreased from 24% to 10%, and disease recurrence increased from 13% to 24%. Other causes have remained relatively stable over this time (Table 3) .
Overall graft survival for all retransplants from 1986 to 2017 was 79% at 1 year, 69% at 5 years, and 59% at 10 years. Overall patient survival for all retransplants was 80% at 1 year, 72% at 5 years, and 66% at 10 years. Analysis of patient, donor, and operative variables found that the era of retransplant was the only variable that was significantly associated with graft and patient survival (P < 0.001) ( Figure 1 , Figure 2 ). Retransplantation rate has remained similar between eras, with liver retransplantation accounting for 6.5% of all transplantations between 1986 and 2000, compared with 6.7% from 2001 to 2017.
Subsequent analysis was performed on the 218 recipients who had a retransplantation from 2001 to 2017. The graft survival for a second liver transplantation was 82% at 1 year, 76% at 5 years, and 65% at 10 years ( Figure 3 ). The graft survival for a third transplantation was 96% at 1 year, 70% at 5 years, and 70% at 10 years. The 2 cases of a fourth transplantation have yet to meet an endpoint. Overall, graft survival from 2001 to 2017 for retransplantation was 85% at 1 year, 75% at 5 years, and 64% at 10 years. Patient survival for all retransplants from 2001 to 2017 was 89% at 1 year, 81% at 5 years, and 74% at 10 years ( Figure 2 ). Baseline characteristics were collected for both the overall cohort and eras from 1986 to 2000 and from 2001 to 2017. There are several notable differences between these 2 groups ( Table 2 ). The mean time between transplant and retransplant has increased over time, from 1.9 to 4.2 years (P < 0.001). Patient age (P = 0.001) and weight (P < 0.001) have also increased significantly. There has been a reduction in air travel over time, with 55% of donor livers requiring air transport from 1986 to 2000 compared with 26% from 2001 to 2017 (P < 0.001). CIT has decreased from a mean of 9.3 to 7.6 hours (P = 0.018), to which the decrease in air travel may have contributed. The donor age (P < 0.001) has also increased. WIT has decreased from a mean of 111 to 44.6 minutes (P = 0.193); however, this was not found to be significant due to limited intraoperative data prior to 2000.
Univariate analysis found no significant difference in graft survival for the number of retransplants, use of whole or split donor livers, or pretransplant MELD score (Table 4 ). Increased patient age and low patient weight were found to be significantly associated with decreased graft survival from 1986 to 2000 (P = 0.001 and P = 0.019), while only low patient weight remained significant from 2001 to 2017 (P = 0.041). Similarly, increased donor age was significantly associated with decreased graft survival from 1986 to 2000 (P = 0.011), but this was not significant from 2001 to 2017 (P = 0.828). There was no significant difference in graft survival for other donor factors including sex, weight, CIT, and air travel. Similarly, there was no significant difference for recipient or operative factors including, WIT, or sex. There was no significant difference in graft or patient survival when comparing time with retransplant of <7 days, between 8 and 30 days, or >30 days (Figure 4 ). Multivariate Cox regression was performed using the data from 1986 to 2000 and only low patient weight (P = 0.042) and increased donor age (P = 0.025) were significantly associated with decreased graft survival (Table 5 ). Cox regression found that no variables were significantly associated with graft survival using data from 2001 to 2017 era.
DISCUSSION
This study shows that liver retransplantation is a valid and definitive treatment for both early hepatic graft failure and end-stage chronic liver disease occurring after primary liver transplantation. Importantly, it was demonstrated that graft survival for retransplantation in ASNZ has greatly improved over past 30 years. The most notable improvement occurred after 2000, where the 1-, 5-, and 10-year graft survival for retransplantation was 85%, 75%, and 64%, respectively, and the 1-, 5-, and 10-year patient survival for retransplantation was 89%, 81%, and 74%, respectively. This compares favorably with graft survival reported by the ANZLT liver transplantation registry from 2000 to 2017 for 4514 patients undergoing a first liver transplantation with a 1-, 5-, and 10-year graft survival of 88%, 79%, and 69%, respectively, and a 1-, 5-, and 10-year patient survival of 93%, 83%, and 74%, respectively. 1 Similar trends of improved graft survival for retransplantation have been reported by other international studies 5 ; however, graft survival for retransplantation remains worse than for a first transplant. 2 Overall, graft and patient survival rates in ASNZ are excellent when compared with other countries around the world (Table 6 ). Valuable lessons have been learned from the previous landmark studies of liver retransplantation. A number of models that predict survival following liver retransplantation have been developed; however, there is no consensus on which variables contribute to a worse outcome. 16 Notable variables that have historically been shown to result in poorer outcomes include a time to retransplantation between 8 and 30 days, multiple liver transplants, a recipient MELD score >25, and advanced patient age. 16 Donor characteristics, such as increased donor age and CIT, have been associated with poorer outcomes. The use of DCD donors has also been shown to have higher rates of graft failure 17 ; however, only 3 of our retransplant recipients received a DCD organ. Of these 2 died, one at 10 days and the other at 255 days after retransplantation, but the limited number of cases precludes us from making any comment on the significance of this. This present study found no significant difference in survival when analyzing these key recipient and donor variables. There are notable differences in the donor and recipient characteristics in this study when compared with other reports. From 2001 to 2017, the average age of ASNZ retransplantation recipients was 46 years, similar to the United States; however, the average donor age was 42.5 years compared with 34 years in the United States. 18 ASNZ data also show a mean retransplant interval of well over 1 year compared with an average interval between 1 and 6 months in the United States. ASNZ donor livers had a mean CIT of 7.6 hours compared with 8.45 hours from a major US center. 3 This same US study showed that a CIT of >12 hours was of borderline significance in predicting survival. The indications for retransplantation in this study are different compared with previous studies, and this may have contributed to the difference in outcomes. In 1 major US study, from 1999 to 2003 the majority of retransplants were due to graft nonfunction (37.5%), hepatic artery thrombosis (20%), disease recurrence (17.5%), and graft rejection (12.5%). 5 The data from this ASNZ study show that from 2001 to 2017 retransplantation commonly resulted from hepatic artery or portal vein thrombosis (27%) and disease recurrence (24%) and graft nonfunction only accounted for 16% of retransplantations. The notable decrease in graft nonfunction in ASNZ may be contributing to improved survival, as less grafts are failing in the short term following retransplantation.
The difference in graft survival comparing ASNZ data and other regions may also be related to other factors. Transplantation services around the world are different, and each has its own method of patient and donor selection. We hypothesize that graft survival following retransplantation may be associated with local factors, such as quality of the surgical and theater team, physician experience, hospital services including Intensive Care Unit access, interventional radiology, medication availability, pathology services, other support staff, and efficient donor services. These unreported factors clearly may influence which variables are significantly related to graft survival across different centers.
This study has shown that changes in recipient and donor characteristics have occurred over time while graft survival has also increased. Advanced donor age was shown previously to predict poor outcome; however, this ASNZ registry study found that this was no longer the case. This was despite the fact that older recipients were transplanted and older donor livers were used. Only 8% of liver donors were older than 60 years in the 1986-2000 era, and this increased to 13% in the 2001-2017 era. Previous studies found that recipient's weight of <50 kg was associated with poor survival and likely reflected poor outcomes due to frailty. This relationship was not found in the present study and is likely due to a change in recipient selection and earlier waitlisting over time. In the early era, 15% of recipients had a weight <50 kg compared with only 3.5% in the 2001-2017 era. The cause of graft failure has also changed over time, with a large decrease in frequency of acute or chronic rejection and a comparative increase in liver disease recurrence. These changes in recipient and donor selection are likely due to improvements in surgical and medical treatment. Moreover, liver transplantation recipients are living longer after the first transplant, and the resulting longer retransplantation interval likely accounts for the increased number of retransplants for liver disease recurrence. While we have no data on patients who were denied retransplantation due to increased risk of mortality, this data suggest that the selection criteria being used is contributing towards the improved outcomes we have found.
As this is a multicenter registry study, the data for some variables was incomplete. Only those variables which were collected consistently in each center were used for the final analysis. A detailed analysis of additional variables of interest was not able to be computed due to insufficient data. There is scope for further analysis of variables associated with graft survival that have not been included in this study. These include some specific variables previously shown to be significant, including renal function, requirements of ventilator support, and the use of marginal donor livers. 19 In addition to graft and patient survival, other ethical and financial factors must be considered when allocating donor livers. The question remains: will patients, donor families, and society accept repeated use of scarce donor livers in one individual? Existing ethical guidelines recommended that the previous use of a resource, such as a liver allograft, should not impact current patient needs. 8 The reality is not as clear, however, as society preferences for fairness in accessing indivisible healthcare resources must also be considered. 20 There needs to be further consideration going forward on how to allocate organs when outcomes are comparable for retransplantation.
In summary, this study has confirmed a notable improvement in graft survival for liver retransplantation from 2001 to 2017 when compared with 1986 to 2000. ASNZ has excellent survival rates when compared with other countries. Survival after retransplantation is comparable to a first transplant and should not be a barrier for organ allocation. Several key variables that were previously associated with poorer outcomes are not shown to impact outcomes in ASNZ. These contemporary results should be utilized by liver transplant waitlist prioritization methods to avoid discrimination against those who need a life-saving retransplant.
